A radiotracer counting system was developed for adsorption and catalysis studies in ultrahigh vacuum using small area, single crystal surfaces. The counting system utilizes a rugged, compact, and rotatable surface barrier detector with a sensitivity sufficient to detect about lxlo 12 molecules containing carbon-14. The operating characteristics and performance of this counting system are discussed along with its application to studies of 14 c-benzene chemisorption and rehydrogenation on the (111) crystal face of platinum.
Introduction
Radiotracer methods are among the most powerful techniques for measuring very low concentrations of materials in a transient environment.
They are of particular value when studying the residence time of a surface layer in the presence of the same molecule in the gas phase as occurs in heterogeneous catalysis. While static radiotracer measurements directly determinetheabsolute adsorbate surface coverage on the catalyst, dynamic experiments can also be easily carried out to determine the kinetics of important surface phenomena such as isothermal desorption, bulk dissolution, surface diffusion, and exchange or rehydrogenation reactions of these adsorbed species. A distinction between the kinetics of intermolecular hydrogen transfer and direct rehydrogenation reaction steps, for example, should be very useful in establishing reaction mechanisms for FischerTropsch synthesis and hydrocarbon reforming over metal catalysts. Since the adsorbed species which form during these reactions are hydrocarbon fragments that may be derived from readily available compounds labelled with carbon-14, radiotracers can provide a direct method for determining the reaction pathway.
While 14 c-radiotracers have been used by several groups to investigate the interactions of hydrocarbons with metal powders and supported metal catalysts (1-3), the radiotracer technique has found only limited application in adsorption studies that are carried out in ultrahigh vacuum (UHV) using well-defined surfaces. In studies of 14 co chemisorption on nickel, Klier and his coworkers (4,5) described a thin window Geiger-~uller (GM) counter that could be used in vacuum systems at lo-10 Torr with a sensitivity sufficient to detect 10 12 adsorbed molecules. A major problem in these studies was in mounting the detector in order to prevent the thin mica window from rupturing. In this report we describe an alternative method to detect 14 c-radiotracers which is simple, sensitive, rugged, and more versatile than the GM counter and is suitable for general surface studies.
In our investigation a compact, rotatable surface barrier detector is used with conventional counting electronics to detect beta radiation emitted by 14 c-labelled hydrocarbons chemisorbed on platinum single crystal surfaces.
The performance and capability of this system are discussed along with its application to studies of 14 c-benzene chemisorption and rehydrogenation on Pt(lll).
Experimental
A block diagram showing the experimental arrangement and counting electronics for radiotracer studies is shown together with a cross section of a surface barrier detector in Figure 1 . All experiments are carried out in a previously described (6) low pressure-high pressure apparatus that is used for combined surface analysis (LEED, AES, TDS) and catalysis studies. The base pressure of this system following bake~out is less than lxlo-9 Torr. The surface barrier detector (Ortec TA-23-25-300) is a large area diode consisting of a partially depleted slice of ultrapure n-type silicon mounted in an insulating ring, the front and back surfaces of which are metallized. The entrance contact-surface barrier (gold window, 40 ~g cm-2 ) and depth of the depletion region (300 ~m) are chosen to optimize the detector efficiency for low energy beta radiation ( 14 c-E ~ 158 KeV,range in Si ~ 150 ~m). The front surface of the max --insulating ring is grounded to the metal case and to the shield side of beta spectra are collected and stored in a multichannel analyzer (Tracor TN 1705). Energy scale is calibrated using the signal from a tail pulse generator (BNC RP2) applied to the preamplifier test input. Integration of the timed spectra yields a count rate that is proportional to the radioactivity present in the source. Alternatively, a ratemeter or multichannel scaler can be used for continuous measurements using an appropriately wide window (~35-158 keV).
A more detailed diagram of the detector mounting assembly is shown in Figure 2 When bias is applied, the detector must be maintained at temperatures between -30 and 30°C. In practice, the background noise level can be minimized by operating the detector at about l5°C or less. Slight cooling of the detector is easily accomplished using two strips of flexible copper braid that are connected from the back-side of the copper jacket to an adjacent copper block that is cooled by circulating water or nitrogen.
Solid state detectors always display an appreciable level of low energy noise resulting from leakage current and random fluctuations in charge carrier density. This noise ordinarily amounts to 8-10 keV and must be discriminated against in order for quantitative analysis to be carried out. In practice, because of peak broadening in the preamplifier and amplifier, the lower discriminator level must be set at 2-3 times the detector noise level in order to eliminate all noise. This is illustrated in Figure 3 , where N{E) beta spectra are compared at two lower discriminator energies for a 1 cm 2 sheet of 14 c-polymethylmethacrylate suspended in the vacuum chamber at the same position as the platinum single crystal.
The left hand spectrum obtained with the discriminator set to about 10 keV displays a sharp low energy peak due to detector noise superimposed on a slowly decreasing background which represents the actual 14 c-beta emission.
The right hand spectrum obtained with the discriminator set to about 35 keV displays the 14 c-beta spectrum with no contribution by detector noise. To determine the optimum operating conditions for the surface barrier detector in UHV, the count rates for background,and the 14 c-polymethylmethacrylate sheet were monitored as a function of the lower discriminator (rv32 keV) defines the operating conditions with maximum signal-to-noise.
To provide an additional measure of ·noise rejection, all measurements described hereafter were carried out with the lower discriminator set to 35
keV. To determine how much of the 14 C-beta emission would be rejected by 35 keV, we used a liquid scinitalltion counter to plot an unquenched 14 Cbeta spectrum and calculated from this that about 40% of the activity would be rejected.
As indicated in Figure 2 , the active area of our detector (25 mm 2 ) is comparable to the crystal face surface area for a typical single crystal sample. The counting geometry for a point source located 10 mm from this active surface is 0.34 n. Fortunately, the detector efficiency can be calibrated in a manner which corrects for the discriminator level, the counting geometry, and the surface area of the crystal surface. In at ~45-65°C displays the~~-~ j diffraction pattern (9) . One chemisorbed benzene molecule per unit cell corresponds to a surface concentration of 7.5xlo 13 molec cm-2 . This concentration agrees very well with that (8~lxlo 13 cm-2 ) measured directly from the radiotracer analysis (Fig.6 ).
The maximum surface coverage achieved after 14 c-benzene chemisorption at 350°C corresponds to 2.0 carbon atoms per surface platinum atom. While no ordering could be detected at temperatures between 80 and 350°C, it is notable that this maximum coverage approaches that expected for a closepacked graphitic overlayer with C/Pt=2.57.
The radioactivity of 14 c-labelled overlayers can be correlated with the peak-to-peak height intensity for the 273 eV carbon Auger transition to provide a convenient, absolute Auger calibration for surface carbon coverage. Figure 7 shows such a calibration obtained using a retarding grid analyzer with 7 volts peak-to-peak modulation and 14 c- nominal value of 10 me mmole is more common. Assuming this level of radioactivity, a crystal surface area of 25 mm 2 , a background of 3 cpm, and a detection efficiency of 3%, a series of simple calculations reveals that surface concentrations of lxlo 13 , 5xlo 13 , and lxlo 14 molec cm-2 can be determined in a 20 minute count with standard deviations of 23%, 10%, and 4%, respectively. Alternatively, lxlo 14 molec cm-2 can be counted for only four minutes with a standard deviation of 10%. These statistics can be improved by using longer counting times, a higher specific radioactivity, or a larger area detector. It is, therefore, clear that the radiotracer technique is a very sensitive method for general surface analysis studies. Surface coverages at 1% of a monolayer can be determined non-destructively with a high level of accuracy.
In UHV applications, surface barrier detectors offer several notable advantages over thin window Geiger counters described previously (4, 11) . For low energy betas, surface barrier detectors are generally superior to gas counters because the window thickness is smaller, the detector is more compact, and the prpblems of window rupture or gas stability with time due to decomposition or diffusion through the window are absent (7). Because it is compact and rotatable, the solid state device can also be used easily in conjunction with other surface analysis methods. The primary disadvantage of the surface barrier detector is its lower efficiency (arising from the counting geometry and the need to eliminate ~oise pulses) which may necessitate longer counting times.
While the present discussion has been restricted to 14 c-radiotracers, it is important to note that many other elements possess radioisotopes that are suitable for surface studies using the same counting system. Table I lists In the left frame, 14 c-benzene was chemisorbed at 60°C and rehydrogenation was carried out in 1 atm H 2 at 75°C. In the right frame, rehydrogenation was carried out at the indicated temperatures following preadsorption of 14 c-benzene at 300°C. 
